Generation of local magnetic fields at megahertz rates for the study of domain wall propagation in magnetic nanowires
We describe a technique for generating local magnetic fields at megahertz rates along magnetic nanowires. Local and global magnetic fields are generated from buried copper fine-pitch wires fabricated on 200 mm silicon wafers using standard complementary metal-oxide-semiconductor back-end process technology. In combination with pump-probe scanning Kerr microscopy, we measure the static and dynamic propagation fields of domain walls in permalloy nanowires. © 2009 American Institute of Physics. ͓doi:10.1063/1.3265738͔
The creation and manipulation of magnetic domain walls ͑DWs͒ in magnetic nanowires form the basis of several recently proposed memory and logic devices. [1] [2] [3] [4] This has stimulated considerable research into the field and current driven magnetization dynamics of DWs in nanowire devices. [5] [6] [7] Various techniques have been used to probe the dynamics of DWs including quasistatic techniques, such as magnetic force microscopy 2, 8 and photoemission electron microscopy, 9 as well as real time techniques including anisotropic magnetoresistance ͑AMR͒, 10 magnetic scanning transmission x-ray microscopy, 11 and magneto-optic Kerr effect ͑MOKE͒.
12,13
Among these techniques MOKE is a particularly powerful means of measuring local magnetization distributions in magnetic materials without perturbing their magnetic structure.
14 To use MOKE to study magnetization dynamics, it is typically required that the experiment be repeated many times ͑perhaps ϳ10 5 -10 6 ͒ to achieve sufficient signal to noise. Since measurements of DW dynamics often require the use of magnetic fields, it would be highly useful to generate magnetic fields at high repetition rates. Conventional electromagnets are too slow due to their large inductance. In this letter, we demonstrate the fabrication and use of chiplets with two levels of copper fine-pitch wiring, which can generate large local ͑up to ϳ400 Oe͒ and global magnetic fields ͑up to ϳ50 Oe͒ at megahertz repetition rates.
The chiplets were fabricated using complementary metal-oxide-semiconductor wiring interconnect processes on 200 mm diameter silicon wafers. 15 Using a standard damascene process 16 with a 248 nm optical stepper, highly conductive ͑2-3 ⍀ cm͒, dense ͑1:1 line and spacing͒, and small aspect ratio ͑almost 1:1͒ copper lines, as narrow as 200 nm wide, are buried in SiO 2 insulator. Two levels of copper lines ͑labeled M1 and M2͒ are fabricated by the following sequence: ͑1͒ chemical vapor deposition of SiO 2 , ͑2͒ optical lithography and reactive ion etching of the trench, ͑3͒ filling the trench with Ta/ TaN liner and Cu seed layer and overfilling with electroplated Cu, and ͑4͒ chemical mechanical polishing of Cu and liner to complete the trench processing. To obtain an extremely flat surface, an extra thick SiCHN layer is added after the second Cu level ͑M2͒ and is smoothed by a chemical mechanical polishing ͑CMP͒ planarization process. The resulting surface was very smooth with a root mean square roughness of a few angstroms. This is critical for the subsequent fabrication of the magnetic nanowires.
The silicon wafers with the completed copper wiring were laser diced into 1 in. square chiplets, each containing approximately 100 devices. In this letter, we discuss results obtained by patterning with electron beam lithography and argon ion milling, on 300 nm wide, 22 nm thick permalloy ͑Ni 80 Fe 20 ͒ nanowires. Figure 1 shows a cross-sectional diagram of the completed device ͑a͒, an optical image of the top of the device ͑b͒, and a cross-section scanning electron microscope image of part of the device ͑c͒. The lower M1 level includes wide copper lines ͓ϳ35 m wide in the device shown in Fig. 1͑b͔͒ , which are 400 nm thick. These are used to generate global magnetic fields uniform along the length of the nanowire ͓0.18 Oe/ mA ͑Ref. 17͔͒. By contrast the upper M2 copper wiring level ͑150 nm thick͒ contains a variety of structures. Many of these include series of parallel copper lines with widths and separations of 200 or 400 nm. These lines are used to generate large, localized, magnetic fields for the purposes of injecting DWs into the magnetic nanowires ͑10 Oe/ mA͒. These lines can also be used to provide tunable dynamic pinning sites along the nanowire ͑not used here͒. The magnetic nanowires are aligned perpendicular to the M1 and M2 copper lines.
It is important that the vertical separation of the M2 copper wires from the nanowire be as small as possible so as to both maximize the field generated per milliampere passed through the M2 lines and to provide a sharper field profile. This requires the thinnest possible insulating layer above M2. The use of SiCHN allowed for thinner such layers.
The DW dynamics of the fabricated permalloy nanowires 18 were studied using a pump-probe MOKE technique. Here the "pump" consists of a series of synchronized field pulses generated by passing current pulses through sev-eral of the buried Cu lines. The component of the magnetization along the nanowire M x normalized to the saturation magnetization of the nanowire M S was probed by its Kerr signal as measured using a pulsed laser diode ͑440 nm wavelength; 40 ps long, ϳ87 pJ pulses͒. After passing through a calcite crystal polarizer, a high numerical aperture ͑NA = 0.70͒ objective lens was used to focus the laser beam to a ϳ400 nm diameter circular spot on the nanowire. The beam is incident perpendicularly on the objective lens and after reflection from the nanowire is recollimated by the same lens. A beam splitter is used to deflect the reflected beam to an analyzer and quadrant diode detector ͑allowing for measurement of all three magnetization components 19, 20 ͒. An electronic delay generator was used to vary the delay between the pump and probe from 0 to 1200 ns.
A detailed description of a single pump-probe cycle ͑re-peated at 781 kHz͒ will now be given with reference to Figs. 2͑a͒-2͑c͒. The nanowire is initially fully magnetized to the left so that M x =−M S . A current pulse 21 through the M2 injection line ͓shown in Fig. 1͑b͔͒ is then applied to generate a local field of +260 Oe ͓Fig. 2͑a͔͒ that is large enough to nucleate a domain of reversed magnetization in the nanowire ͑corresponding to two DWs ϳ2 m apart-from MOKE measurements͒. Simultaneously, a current through the M1 line generates a global driving field H D along the nanowire ͓Fig. 2͑b͔͒. This causes the injected DW to move toward the right end of the nanowire. This pulse is made sufficiently long ͑200 ns͒ to allow the DW to propagate along the entire length of the nanowire ͑if H D exceeds the propagation field͒. At some later time ͑here t = 760 ns͒ a large field pulse H set generated by M1 ensures the injected DW propagates to the end of the nanowire if it has not already done so. This allows for normalization of the measured Kerr rotation to that corresponding to M S . The final step is to reset the magnetic state of the nanowire back to its initial fully magnetized condition using negative field pulses from both M1 and M2 ͓see the pulses at t = 900 ns in Figs. 1͑a͒ and 1͑b͔͒ . This field sequence is repeated ϳ10 6 times to obtain adequate signal to noise in the Kerr signal which is measured using a lock-in technique. 22 Thus, the average value of the normalized component of the magnetization along x, ͗M x ͘ / M S is found. Figure 2͑c͒ shows the temporal evolution of ͗M x ͘ / M S measured at x = 8.5 m for three different values of H D . When H D = 7.6 Oe, the DW reaches this point shortly after injection so that ͗M x ͘ / M S changes rapidly from −M S to +M S . However, when H D = 4.4 Oe, the DW takes slightly longer to reach the measurement location, but, more importantly, the magnetization does not switch completely to +M S , but rather attains an intermediate level of only ϳ+0.5M S . This corresponds to the DW propagating for only a fractional percentage of the repeated pump cycles. Indeed, ͗M x ͘ / M S corresponds to the probability that the DW propagated along the nanowire in a given pump cycle for this drive field. When H D = 0 the injected DW remains at its injection point so that ͗M x ͘ / M S = 0 until the set pulse is applied. Note that the value of H set was chosen to be sufficiently large that the DWs would always be driven along the nanowire.
The detailed dependence of the probability of DW propagation on the drive field is shown in Fig. 2͑d͒ . Clearly no DW propagation takes place below a critical propagation FIG. 2. ͑Color online͒ ͓͑a͒ and ͑e͔͒ Time evolution of the DW injection field generated by M2 ͓the particular M2 line is indicated in Fig. 1͑b͔͒ . ͓͑b͒ and ͑f͔͒ Sequence of global fields generated by M1 used to drive the DW ͑H D ͒ and to set/reset the magnetization of the nanowire ͑H set and H reset ͒. ͓͑c͒ and ͑g͔͒ Time evolution of ͗M x ͘ / M s at x = 8.5 m. ͓͑d͒ and ͑h͔͒ Dependence of ͗M x ͘ / M s at x = 8.5 m and at t = 590 ns versus H D . ͑a͒-͑d͒ correspond to dynamic propagation of the DW in which H D is applied during the DW injection, whereas ͑e͒-͑h͒ correspond to static propagation of the DW in which H D is applied 230 ns after the DW injection pulse is completed. H D =0 Oe ͑black lower curve͒, 4.4 Oe ͑red middle curve͒, and 7.6 Oe ͑green upper curve͒ in ͑a͒-͑d͒, 0 Oe ͑black lower curve͒, 6.7 Oe ͑red middle curve͒ and 11 Oe ͑green upper curve͒ in ͑e͒-͑h͒.
field H P D = 4.2Ϯ 0.4 Oe above which 100% of the DWs propagate. In these measurements, H D is applied in concert with the injection field pulse so that the DW does not come to rest after injection if H D Ͼ H P D . This corresponds to a measurement of the dynamic propagation field. The same experiment is repeated in Figs. 2͑e͒-2͑h͒ except that the DW is allowed to come to rest after injection for ϳ200 ns so that the static propagation field can now be measured, i.e., the field required to drive an initially stationary DW along the nanowire.
It is clear from Figs. 2͑d͒ and 2͑h͒ that the propagation field of a moving and a stationary DW are distinctly different. The critical propagation field of the stationary DW ͑ϳ6.5 Oe for 50% probability of motion͒ is significantly larger and the distribution of the propagation fields is also much broader.
It is now well established that spin polarized current can strongly influence the propagation of DWs via the mechanism of transfer of spin angular momentum ͑SMT͒ from the current to the DW. 2, 4, 23, 24 The measurement described in Fig.  2 can be extended to include the role of current. Figures 3͑a͒  and 3͑b͒ show measurements of the dynamic propagation field with and without current applied. A current of 0.4 ϫ 10 12 A / m 2 significantly affects H P D . H P D is increased/ decreased by ϳ2 Oe when the flow of spin angular momentum opposes/aids the field driven DW motion. To check that the change in H P D arises from SMT rather than the self-field generated by the current flowing through the nanowire the measurement was carried out for both tail to tail and head to head DWs ͓Figs. 3͑a͒ and 3͑b͒, respectively͔. Our results are consistent with the SMT mechanism, which is independent of the DW type rather than an Oersted field effect which would drive these DWs in opposite directions.
From extrapolation of the data in Fig. 3 , current induced DW motion would take place in zero field at a current density of ϳ0.9ϫ 10 12 A / m 2 , consistent with our previous studies using AMR. 5, 25 However, the nanowire was not able to withstand such high current densities because it became too hot. The poor thermal conductivity of the relatively thick dielectric layers used to fabricate the buried Cu lines results in significant heating of the nanowires.
In summary, we have developed a technique for generating large local magnetic fields at megahertz rates using two levels of copper metal lines buried close to the surface of a silicon wafer. The current pulses that pass through these lines are used to generate magnetic fields locally or globally along magnetic nanowires fabricated on the surface of the patterned wafer. These fields are used to both inject and drive DWs along the nanowires. Using this device, together with a pump-probe MOKE detection scheme, we have demonstrated that the static and dynamic propagation fields of DWs in permalloy nanowires are substantially different. 
